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Abstract 
We deeply investigated the chemical reaction network of molten nitrate / nitrite salt mixtures at high temperatures (> 450 °C) and 
proved 530 °C as maximum operating temperature of HITEC® in CSP application with potential for further temperature increase 
by implementation of technical measures. Particularly the level of oxide ion concentration and the gas atmosphere have 
significant effects on thermal stability and corrosion behavior. It could be shown that the corrosive depletion of standard steels is 
within technical limits up to the thermal stability limit of the salt mixture. Low chloride concentration of the melt is crucial for 
low corrosivity. 
 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer review by the scientific conference committee of SolarPACES 2014 under responsibility of PSE AG. 
Keywords: Nitrate, nitrite, salt melt, high-temperature, stability, corrosion, HTF, TES 
1. Introduction 
Raising the operational temperature of Concentrating Solar Power (CSP) plants is the key factor to reach 
competitiveness against other dispatchable power generation technologies. Therefore the combined use of molten 
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salts as heat transfer fluid (HTF) as well as as thermal energy storage (TES) material has to be implemented. Akali 
nitrate and nitrite salt mixtures have definite advantages which make them the preferred material:  
x low price 
x low corrosivity 
x broad availability 
x relatively low freezing temperature 
x high thermal stability 
Their handling and use as HTF is known since decades in chemical industry for a variety of large scale chemical 
processes. The most common salt mixtures are Solar Salt (60 wt% NaNO3, 40 wt% KNO3), HITEC® (40 wt% 
NaNO2 , 53 wt% KNO3, 7 wt% NaNO3) and HITEC XL® (48 wt% Ca(NO3)2 , 45 wt% KNO3, 7 wt% NaNO3). [1]  
Available data on chemical reactions in nitrate / nitrite salt melts at elevated temperatures covers only few aspects 
that are relevant for their use as HTF and TES in CSP plants.[2-6] Thus BASF extensively investigated the 
chemistry of molten nitrate / nitrite salt mixtures, their thermal stability and their corrosion behavior at high 
temperatures. We identified technical requirements for future salt handling in CSP plants, depending on the 
condition of the salt melt and mode of operation. 
2. Chemistry in nitrate melts 
The chemical reaction system in nitrate melts is very complex. Mostly all reactions are chemical equilibria which 
influence each other tremendously. Moreover, in these reactions all components of the system have to be considered 
including gas atmosphere, possible precipitations, and the selected steel material. The most important reactions 
(equation 1 and 2) include the nitrate / nitrite equilibria adjusted by the oxygen partial pressure and the 
decomposition reaction of nitrite to alkali oxide. The gaseous decomposition products nitric oxide and nitrous oxide 
form an equilibrium influenced by oxygen (equation 3). Alkali oxides of equation 2 can form carbonates in contact 
with CO2 (equation 4). Both compounds are less soluble causing plugging at colder parts of the plant. Furthermore, 
alkali oxides are corrosive due to their ability to react with chromium at the steel surface (equation 5). The chromate 
dissolves in the salt melt. 
 
2 NO2-  +   O2  ļ   2 NO3-        (1) 
2 NO2-    ļ   O2-  +  NO  +  NO2      (2) 
2 NO + O2   ļ  2 NO2        (3) 
O2-  +   CO2  ļ CO32-        (4) 
Cr  +  1,5 O2  +  O2-   ļ   CrO42-          (5) 
 
Above 350 - 400 °C the chemical reactions of equation 1 and 2 will slowly adjust the system towards the 
decomposition products, resulting in a change in the composition of the salt melt. Nevertheless, nitrate / nitrite salt 
mixtures are used above 500 °C in technical scale as HTF (e.g. in chemical processes) and TES without significant 
change of their physical and chemical properties in long-term operation due to appropriate process conditions. The 
maximum operating temperature of nitrate / nitrite salt melts always depends on technical design and process 
conditions of the specific plant. 
3. Long-term stability measurements 
Reliable data of long-term stability of nitrate / nitrite salt mixtures at higher temperatures does not exist. The 
stability of salt mixtures, especially of newly developed mixtures, is usually investigated by thermogravimetric 
analysis (TGA) and differential scanning calorimetry (DSC). These methods are not suitable for the investigation of 
long-term thermal stability behavior due to their short investigation time frame, especially because chemical 
equilibria are not reached quickly. 
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We ran long-term experiments with different salt mixtures. Each mixture was held at a certain temperature for at 
least 20 days to ensure adjustment of chemical equilibrium reactions and to collect enough data points for reliable 
information and reproducibility. Long-term experiments in lab are challenging due to the sublimation and creeping 
behavior of the salt melt. Especially close to the decomposition temperature a tremendous mobility of the melt could 
be observed. Therefore we used a large stainless steel (1.4541, 321) tube equipped with a relatively small amount of 
salt which was placed in an upright standing tube furnace heating the lower part of the tube only. On top we used 
several built-ins to keep the salt inside the setup, see Fig. 1. A very small flow of nitrogen is used to ensure 
pressureless operation.  
 
Fig. 1. Lab setup for stability tests. 
Each day the weight of the whole setup was monitored. Due to release of decomposition gases the mass of salt 
can decrease. The results of experiments with HITEC® under nitrogen atmosphere are depicted in Fig. 2. Within the 
first days weight loss is observed due to establishment of the chemical equilibria. The slope of the linear part after 
some days is the daily mass loss of a mixture at this certain temperature in long-term application. Since in long-term 
experiments there was no mass loss at 530 °C after adjustment of chemical equilibrium reactions we define 530 °C 
as maximum operating temperature of HITEC® under these operating conditions. 
 
     
Fig. 2. Results of stability tests of HITEC® under nitrogen atmosphere. 
The same measurements were run with a mixture commonly known as HITEC XL®. This mixture contains 
42 wt% of calcium nitrate, which typically crystallizes with four equivalents of water. To remove water, the salt 
mixture was pretreated by heating up to 450 °C for a short time and then keeping it at 200 °C in vacuo for several 
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hours. The pretreatment and stability tests were conducted under synthetic air in absence of carbon dioxide and 
water. The results on thermal stability are shown in Fig. 3. Even at low temperatures a significant mass loss was 
observed within 20 days. At 500 °C a daily mass loss of 0.2% could be observed which is ten times higher than with 
HITEC® at 550 °C. Extrapolation to one year of operation, whereas the salt would be at 450 °C or 500 °C half of the 
time, 5% or 30%, respectively, of the mass of the salt mixture would be lost resulting in an enormous amount of 
insoluble calcium oxide and carbonate. According to these results the use of the HITEC XL® salt mixture at 
temperatures above 420 °C is not recommended.  
 
     
Fig. 3. Results of stability tests of HITEC XL®. 
Considering these results, we investigated the quantitative influence of calcium ions on the stability of sodium 
and potassium nitrate melts to determine the calcium nitrate content limit for stable salt melts. With up to 40 wt% 
calcium nitrate the maximum operating temperature was determined, at which only a small (< 1%) weight loss in 
long-term experiments was observed. The results are depicted in Fig. 4 showing an exponential decrease in stability 
at increasing calcium nitrate concentration. Even the addition of 5 wt% calcium nitrate resulted in a decrease of 
about 100 °C.  
 
 
Fig. 4. Dependency of the calcium nitrate concentration on the stability of a sodium/potassium nitrate mixture. 
During our study of nitrate salt mixtures it became obvious that the control of the salt composition after each test 
is crucial for the validity of our results. Different salt mixtures need specific gas atmospheres for operation. Nitrite 
containing mixtures are for example sensitive against oxygen, as oxygen causes a fast decrease of the nitrite content 
due to oxidation of nitrite to nitrate. Analysis of the initial nitrite concentration after each test ensured that the setup 
was kept oxygen free.  
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Finally we investigated the stability of HITEC® in a larger lab scale. HITEC® was heated to up to 600 °C in a 
stirred 2 L stainless steel reactor with an inner heating element and closed with weld lip seals to inhibit salt creeping. 
Salt and gas analysis gave information about the decomposition of the melt. According to equation 2 alkali oxides 
are formed and the nitrogen content of the melt decreases due to decomposition. In the experiment the temperature 
was increased from the melting point to 525 °C within some days. The salt was kept at 525, 540, 570 and 585 °C for 
1-2 weeks at each given temperature. After 1600 hours in total and 25 days at 585 °C the oxide concentration was 
still below detection limit (< 0.05 wt% O2-) and the nitrogen content of the melt did not change significantly (16.2-
16.5 wt% N).  However, the chromium concentration increased with increasing temperature. The experiments 
showed that the maximum operating temperature of HITEC® is limited by the corrosivity of its decomposition 
products. 
4. Corrosion tests 
Corrosion in Solar Salt at high temperatures has been extensively investigated since several years [for example 7-
11]. Tests in a static as well as moving melt with and without thermal cycling were performed using salts of 
different qualities. Particularly steel types with higher chromium content are essential for operating nitrate melts at 
high temperatures. Furthermore, the chloride content of the salt has to be low. However, the observed critical 
chloride concentration varies within different publications.[7-11] In contrast, very little data is known about 
corrosion in nitrite containing melts such as HITEC®.[1,12] Some other investigations were made with HITEC® in 
the presence of oxygen which quickly oxidizes nitrite to nitrate. This results in testing of a different salt mixture 
composition than intended. Therefore we studied the corrosion behavior of standard stainless steels and nickel base 
alloys in Solar Salt and HITEC® in controlled gas atmosphere to ensure realistic conditions of a CSP plant.  
High quality Solar Salt with very low chloride content of < 100 ppm and Solar Salt with 1500 ppm chloride were 
investigated. Each steel specimen was embedded in 10 g salt mixture in an alumina tube. Several alumina tubes were 
placed in a large quartz tube flushed with air and heated in an upright standing tube furnace. This setup excluded 
interaction of salt with different types of steel and ensured the correct analysis of each salt mixture after the test. 
Furthermore, the gas atmosphere could be controlled to ensure the correct nitrate/nitrite ratio. Every 500 hours the 
salt was exchanged with fresh salt to ensure steady salt qualities and prevent accumulation of corrosion products. 
After the test the specimen were washed with water and the oxide layer removed by mechanical polishing. The 
samples were weighed to determine the corrosive depletion. The test conditions are listed in Table 1. 
     Table 1. Test conditions for corrosion tests in Solar Salt. 
Steel  1.4541 
1.4571 
Atmosphere Synthetic air 
Temperature 565 °C  
(1x per week for 2 h at 270 °C) 
Salt 60 wt% NaNO3, 40 wt% KNO3 
NaNO3: BASF HQ untreated, Cl < 100 ppm 
KNO3: Haldor Topsoe technical grade, Cl < 100 ppm 
Additive 0.25 wt% NaCl (resulting in Cl content of 1500 ppm) 
Time 500, 1000, 2500, 3000 h 
 
After polishing the specimen the weight loss in % was determined, see Fig. 5. Both steel types show similar 
results. In case of the high quality salt grade (< 100 ppm chloride) weight loss stopped after 1000 hours with steel 
type 1.4541 and after ~2000 h with steel type 1.4571 due to initial formation of a protective and dense oxide layer. If 
the melt contains chloride ions the depletion was constantly increasing over time without formation of a protective 
oxide layer. Even small concentrations of chloride result in the formation of iron chloride below the oxide layer. Due 
to the relatively high volatility of iron chloride, a permanent spalling of the oxide layer is taking place. Therefore use 
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of melts with very low chloride content is crucial to reduce the corrosivity of nitrate melts. This can be reached by 
using nitrates from synthetic sources such as sodium nitrate BASF HQ untreated. 
 
     
Fig. 5. Corrosive depletion of 1.4541 and 1.4571 steel platelets in Solar Salt. 
The conditions of the corrosion tests in HITEC® are shown in Table 2. To ensure steady salt qualities the salt was 
replaced every 500 hours. Since the test was made close to the decomposition temperature of HITEC® the 
corrosivity of the decomposition products had to be considered as well. Therefor we additionally investigated a 
HITEC® mixture containing 1 wt% of sodium oxide, to simulate a salt melt after long time operation. 1 wt% sodium 
oxide is a realistic amount in a melt which was used several years at higher temperatures. 
Table 2. Test conditions for corrosion tests in HITEC®. 
Steel  1.4541 
2.4816 
Atmosphere Argon 
Temperature 530 °C  
(1x per week for 2 h at 270 °C) 
Salt 40 wt% NaNO2, 53 wt% KNO3, 7 wt% NaNO3 
NaNO3, NaNO2: BASF HQ untreated, Cl < 100 ppm 
KNO3: Haldor Topsoe technical grade, Cl < 100 ppm 
Additive 1 wt% Na2O/Na2O2 (80/20), Sigma Aldrich 
Time 2000 h 
 
The descaled weight loss of specimen immersed in pure HITEC® melt is about 0.02 mm/a, which is in an 
acceptable range, see Fig. 6. In the presence of oxide ions the depletion is doubled revealing the severe corrosivity of 
the decomposition products. Oxide ions can react with chromium and dissolve it which is the stabilizing component 
in the usually protective oxide layer. Thus the chromium content in the salt is a good indicator for the oxide ion 
concentration and corrosivity level of a nitrate / nitrite melt. The chromium content of the melt over time is shown in 
Fig. 6. Within the first 1000 hours during formation of the oxide layer on the steel surface, a temporary increase of 
chromium in the melt is observed due to initial corrosion. After that period the dense oxide layer protects the surface 
from significant corrosion and the chromium content in the pure HITEC® melt is only increasing very slowly. But in 
the presence of oxide ions corrosivity increases and leads to enormous chromium depletion which is not reaching 
equilibrium. The progressive chromium liberation would presumably accelerate the corrosion. Hence the determined 
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descaled weight loss of 0.04 mm/a possibly underestimates this effect. The increase of the oxide ion concentration 
has to be inhibited before damaging effects at the plant are observed.  
 
    
Fig. 6. Results of corrosion tests in HITEC®. 
Both, the stainless steel and the nickel base alloy, show similar results with regard to the descaled weight loss. 
Metallographic examination of the specimen showed a dense oxide layer in case of steel type 1.4541 and a corrosive 
attack along the grain boundaries in case of steel type 2.4816, see Fig. 7. This leads to the conclusion that the 
investigated nickel base alloy is not an appropriate material for nitrite containing melts at high temperatures.  
 
      
Fig. 7. Surface of 1.4541 (left) and 2.4816 (right) after treatment in nitrite mixture. 
5. Conclusion and outlook 
BASF has deeply investigated the chemical reaction network of molten nitrate / nitrite salt mixtures at high 
temperatures (> 450 °C) and proven 530 °C as maximum operating temperature of HITEC® in CSP application with 
potential for further temperature increase by implementation of technical measures. Particularly the level of oxide 
ion concentration and the gas atmosphere have significant effects on thermal stability and corrosion behavior. It 
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could be shown, that the corrosive depletion of standard steels is within technical limits up to the thermal stability of 
the salt mixture. Low chloride concentration of the melt is crucial for low corrosivity. 
The complex reaction network in nitrate / nitrite melts at high temperatures tremendously affects the design of 
specific plant components such as storage design, the gas management infrastructure and their mode of operation. 
BASF has developed technical solutions to drive forward the implementation of direct molten salt CSP technology. 
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